To:  technicalreports@afosr.af.mil 

Subject:  Final  Statement  to  Dr.  Donald  Silversmith 


Contract/Grant  Title:  Development  and  Investigation  of  Bismuth 
Nanowires  -  Start  up  phase 


Contract/Grant  #:  FA9550-07-1-0472 


Reporting  Period:  June  1,  2007  to  May  31, 2008 

Annual  accomplishments  (200  words  max):  The  project  aims  to  develop  Bimuth  and 
Bimuth-based  nanowires  and  explore  their  application  in  sensing  and  uncooled  IR 
detection.  It  has  made  significant  progress  in  this  seedling  phase.  Two  methods  for 
synthesizing  Bi  and  BiS  nanowires  have  been  developed  as  a  result.  One 
method  offers  the  advantage  of  having  both  uniform  and  pre-defined  diameters  in 
the  fabricated  Bi  nanowire  array.  It  is  developed  from  a  template-based  growth 
technique  that  was  first  demonstrated  by  our  group  a  decade  earlier  and  has  now 
been  further  improved  with  controllable  diameter  variation.  The  second  method 
makes  use  of  a  redox  biomolecule,  glutathione,  a  well  known  antioxidant 
abundant  in  fruits,  as  both  a  feedstock  and  self-assembling  agent.  The  bio¬ 
synthesized  BiS  nanowires  are  remarkable  in  that  they  have  a  high  degree  of 
structure  uniformity  and  an  expected  highest  thermoelectric  powers  that  will  be 
proven  in  the  follow-on  phase. 


Archival  publications  (published)  during  reporting  period: 

1 .  Two  manuscripts  are  being  prepared  for  submission  to  refereed  journals. 

Changes  in  research  objectives,  if  any:  None 

Change  in  AFOSR  program  manager,  if  any:  None 
Extensions  granted  or  milestones  slipped,  if  any:  None 

Include  any  new  discoveries,  inventions,  or  patent  disclosures  during  this  reporting 
period  (if  none,  report  none):  None 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


The  public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  the  burden,  to  the  Department  of  Defense,  Executive  Service  Directorate  (0704-0188).  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no 
person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid  OMB  control  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ORGANIZATION. 


1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

05-06-2008 


4.  TITLE  AND  SUBTITLE 

Development  and  Investigation  of  Bismuth  Nanowires 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Brown  University 

Division  of  Engineering,  Box  D 

1 84  Hope  Street, 

Providence,  RI  02912 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

OFC  of  Naval  Research  (ONRRO)  Boston 
Boston  Regional  Office 
495  Sumner  Street,  Room  627 
Boston,  MA  02210-2109 


12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Distribution  A:  Approved  for  Public  Release;  Distribution  is  Unlimited 


3.  DATES  COVERED  (From  -  To) 

6/1/07-1/31/08 


5a.  CONTRACT  NUMBER 

N/A 

5b.  GRANT  NUMBER 

FA9550-07- 1-0472 


5c.  PROGRAM  ELEMENT  NUMBER 

N/A 

5d.  PROJECT  NUMBER 

N/A 

5e.  TASK  NUMBER 

N/A 

5f.  WORK  UNIT  NUMBER 

N/A 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 

N/A 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

AFRL-SR-AR-TR-08-0433 


14.  ABSTRACT 

The  project  aims  to  develop  Bimuth  and  Bimuth-based  nanowires  and  explore  their  application  in  sensing  and  uncooled  IR  detection.  It  has  made 
significant  progress  in  this  seedling  phase.  Two  methods  for  synthesizing  Bi  and  BiS  nanowires  have  been  developed  as  a  result.  One  method 
offers  the  advantage  of  having  both  uniform  and  pre-defmed  diameters  in  the  fabricated  Bi  nanowire  array.  It  is  developed  from  a  template-based 
growth  technique  that  was  first  demonstrated  by  our  group  a  decade  earlier  and  has  now  been  further  improved  with  controllable  diameter  variation. 
The  second  method  makes  use  of  a  redox  biomolecule,  glutathione,  a  well  known  antioxidant  abundant  in  fruits,  as  both  a  feedstock  and 
self-assembling  agent.  The  bio-synthesized  BiS  nanowires  are  remarkable  in  that  they  have  a  high  degree  of  structure  uniformity  and  an  expected 
highest  thermoelectric  powers  that  will  be  proven  in  the  follow-on  phase. 


16.  SECURITY  CLASSIFICATION  OF: 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

u 

u 

u 

17.  LIMITATION  OF 
ABSTRACT 


18.  NUMBER  19a.  NAME  OF  RESPONSIBLE  PERSON 

_  Professor  Jimmy  Xu 

PAGES  - 

19b.  TELEPHONE  NUMBER  (Include  area  code) 

12  401  863  1425 


Standard  Form  298  (Rev.  8/98) 

Prescribed  by  ANSI  Std.  Z39.18 
Adobe  Professional  7.0 


INSTRUCTIONS  FOR  COMPLETING  SF  298 


1.  REPORT  DATE.  Full  publication  date,  including 
day,  month,  if  available.  Must  cite  at  least  the  year  and 
be  Year  2000  compliant,  e.g.  30-06-1998;  xx-06-1998; 
xx-xx-1998. 

2.  REPORT  TYPE.  State  the  type  of  report,  such  as 
final,  technical,  interim,  memorandum,  master's  thesis, 
progress,  quarterly,  research,  special,  group  study,  etc. 

3.  DATES  COVERED.  Indicate  the  time  during  which 
the  work  was  performed  and  the  report  was  written, 
e.g.,  Jun  1997  -  Jun  1998;  1-10  Jun  1996;  May  -  Nov 
1998;  Nov  1998. 

4.  TITLE.  Enter  title  and  subtitle  with  volume  number 
and  part  number,  if  applicable.  On  classified 
documents,  enter  the  title  classification  in  parentheses. 

5a.  CONTRACT  NUMBER.  Enter  all  contract  numbers 
as  they  appear  in  the  report,  e.g.  F33615-86-C-5169. 

5b.  GRANT  NUMBER.  Enter  all  grant  numbers  as 
they  appear  in  the  report,  e.g.  AFOSR-82-1234. 

5c.  PROGRAM  ELEMENT  NUMBER.  Enter  all 
program  element  numbers  as  they  appear  in  the  report, 
e.g.  61 101  A. 

5d.  PROJECT  NUMBER.  Enter  all  project  numbers  as 
they  appear  in  the  report,  e.g.  1F665702D1257;  ILIR. 

5e.  TASK  NUMBER.  Enter  all  task  numbers  as  they 
appear  in  the  report,  e.g.  05;  RF0330201 ;  T41 12. 

5f.  WORK  UNIT  NUMBER.  Enter  all  work  unit 
numbers  as  they  appear  in  the  report,  e.g.  001; 
AFAPL30480105. 

6.  AUTHOR(S).  Enter  name(s)  of  person(s) 
responsible  for  writing  the  report,  performing  the 
research,  or  credited  with  the  content  of  the  report.  The 
form  of  entry  is  the  last  name,  first  name,  middle  initial, 
and  additional  qualifiers  separated  by  commas,  e.g. 
Smith,  Richard,  J,  Jr. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND 
ADDRESS(ES).  Self-explanatory. 


8.  PERFORMING  ORGANIZATION  REPORT  NUMBER. 

Enter  all  unique  alphanumeric  report  numbers  assigned  by 
the  performing  organization,  e.g.  BRL-1234; 
AFWL-TR-85-40 1 7-Vol-2 1  -PT-2. 

9.  SPONSORING/MONITORING  AGENCY  NAME(S) 
AND  ADDRESS(ES).  Enter  the  name  and  address  of  the 
organization(s)  financially  responsible  for  and  monitoring 
the  work. 

10.  SPONSOR/MONITOR'S  ACRONYM(S).  Enter,  if 
available,  e.g.  BRL,  ARDEC,  NADC. 

11.  SPONSOR/MONITOR'S  REPORT  NUMBER(S). 

Enter  report  number  as  assigned  by  the  sponsoring/ 
monitoring  agency,  if  available,  e.g.  BRL-TR-829;  -215. 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT.  Use 

agency-mandated  availability  statements  to  indicate  the 
public  availability  or  distribution  limitations  of  the  report.  If 
additional  limitations/  restrictions  or  special  markings  are 
indicated,  follow  agency  authorization  procedures,  e.g. 
RD/FRD,  PROPIN,  ITAR,  etc.  Include  copyright 
information. 

13.  SUPPLEMENTARY  NOTES.  Enter  information  not 
included  elsewhere  such  as:  prepared  in  cooperation 
with;  translation  of;  report  supersedes;  old  edition  number, 
etc. 

14.  ABSTRACT.  A  brief  (approximately  200  words) 
factual  summary  of  the  most  significant  information. 

15.  SUBJECT  TERMS.  Key  words  or  phrases  identifying 
major  concepts  in  the  report. 

16.  SECURITY  CLASSIFICATION.  Enter  security 
classification  in  accordance  with  security  classification 
regulations,  e.g.  U,  C,  S,  etc.  If  this  form  contains 
classified  information,  stamp  classification  level  on  the  top 
and  bottom  of  this  page. 

17.  LIMITATION  OF  ABSTRACT.  This  block  must  be 
completed  to  assign  a  distribution  limitation  to  the  abstract. 
Enter  UU  (Unclassified  Unlimited)  or  SAR  (Same  as 
Report).  An  entry  in  this  block  is  necessary  if  the  abstract 
is  to  be  limited. 


Standard  Form  298  Back  (Rev.  8/98) 


Final  Report 

Development  and  Investigation  of  Bismuth  Nanowires  -  Start  up  phase 


FA9550-07-1-0472 

To  Dr.  Donald  Silversmith 
AFOSR 

PI:  Jimmy  Xu 
Brown  University 
184  Hope  St.,  Providence,  RI  02912 


Objectives:  In  the  start-up  phase  of  an  exploratory  research,  to  develop  a  new  generation 
of  nano-electronic  structures  made  of  Bismuth,  that  is  semimetal  in  its  bulk  form  but  can 
function  as  a  semiconductor  in  the  fonn  of  one-dimensional  nanowires,  with  a 
semiconductor  bandgap  being  tunable  (inversely)  with  the  wire  diameter, 

Status  of  Effort:  We  have  completed  the  start-up  phase  of  the  project  by  meeting  and 
exceeding  the  stated  goal  of  proving  the  feasibility  of  bismuth-based  nanowire 
fabrication.  Specifically,  we  have  shown  that  uniform  Bi  nanowires  can  be  grown  inside 
the  nanopores  of  a  template  by  electrodeposition  and  BiS  nanowires  can  be  synthesized 
using  a  redox  bio  molecule.  Building  up  from  the  understanding  developed  in  this  start¬ 
up  phase,  we  plan  to  pursue  a  more  ambitious  research  plan,  if  more  funds  could  be 
secured,  to  develop  this  new  nanowire  system  into  a  platform  for  uncooled  IR  detections 
with  a  variable  spectral  range. 


Accomplishments/New  Findings: 

We  have  developed  two  methods  for  synthesizing  Bi  and  BiS 
nanowires.  One  method  offers  the  advantage  of  having  both  unifonn 
and  pre-defined  diameters.  It  is  developed  from  a  template -based 
growth  technique  that  was  first  demonstrated  by  our  group  a  decade 
earlier  and  is  now  furthered  with  controllable  diameter  variation.  It 
begins  with  the  fonnation  of  a  growth  template  which  is  accomplished 
by  anodization  of  high  purity  aluminum.  Under  a  set  of  optimized 
conditions,  nanopores  will  form  and  self-organize  into  a  highly  ordered 
array  of  straight  nanopores  in  the  Anodized  Aluminum  Oxide  (AAO)  to 
serve  as  the  growth  template.  With  the  use  of  the  template,  uniform  Bi 
nanowires  can  be  grown  inside  the  nanopores  by  electrodeposition.  We 
found  that  by  superimposing  an  AC  field  on  the  conventional 
electrodeposition  process  that  is  normally  under  a  DC  field,  we  could 
obtain  nanowires  with  unifonn  diameter  along  the  length.  The 
nanowires  grown  within  the  template  can  be  freed  out  of  the  template  by  dissolving  the 
AAO  matrix  as  shown  in  Fig.  1. 

The  nanowire  diameter  can  be  controllably  changed  by  changing  the  anodization 
voltage. 

After  freeing  out  the  grown  homo-junction  nanowires  by  dissolving  away  the  template, 
we  can  assemble  the  Bi  nanowires  onto  external  metal  electrodes  by  either  the  ensemble 
electrophoresis  technique  or  the  more  precise  DNA-hybridization  controlled  assembling 
of  individual  nanowires  (APL,  1999).  In  the  next  phase,  we  will  conduct  experiments  on 
the  two-terminal  diode  configuration,  and  test  their  device  functionalities  and,  in 
particular,  the  expected  high  IR  photovoltaic  responses  in  the  un-cooled  mode  of 


Figure  1.  SEM  and  TEM 
images  of  Bi  nanowires 


operation  as  well  as  in  the  reverse  operation  mode  for  high-efficiency  thermoelectric 
figure  of  merit  ( ZT ). 

Our  effort  in  developing  a  second  method  for  synthesizing  Bi-based  nanowires  has  also 
met  with  success.  BiS  nanowires  with  a  high  degree  of  structure  uniformity  have  been 
obtained  for  the  first  time,  as  shown  figure  2  below. 

This  second  method  makes  use  of  a 
redox  biomolecule,  glutathione,  a  well 
known  antioxidant  abundant  in  fruits. 

The  exact  chemical  reaction  process  and  the  nanowire  formation  mechanism  are  yet  to  be 
understood  in  the  next  phase  of  the  exploration.  Judging  from  the  great  uniformity  of  the 
resultant  nanowire  structures,  we  hypothesize  that  the  redox  nature  of  the  glutathione 
provides  a  S  ion  with  each  molecule  which  coordinates  the  adsorption  and  then  reaction 
with  Bi  ions.  In  the  next  phase,  we  will  seek  for  a  clear  understanding  of  the  mechanism 
and  process  of  the  glutathione  enabled  formation  of  BiS  nanowires. 


Personnel  Supported:  Hongsik  Park  (Ph.D  graduate  student),  Jin  Ho  Kim  (Postdoctoral 
Associate),  and  Jimmy  Xu  (PI). 
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